X-linked hypophosphatemic rickets (XLH), autosomal dominant hypophosphatemic rickets, hereditary hypophosphatemic rickets with hypercalciuria, and tumor-induced osteomalacia share clinical and biochemical features, and are collectively referred to as hypophosphatemic rickets (HR). Recently, the molecular bases of HR were elucidated. A review of medical records and mutational analyses of the PHEX and FGF23 genes were performed on 17 unrelated Korean children with HR. The male-to-female ratio was 3:14, and 5 patients were familial. Initial laboratory tests revealed typical features of HR. Seven different PHEX mutations were detected in 8 patients: 2 missense mutations, 2 nonsense mutations, and 3 short deletions. No functional FGF23 mutation was detected in any patient. Patients with the PHEX mutation tended to have more severe skeletal disease than those without. Of the patients with this mutation, no genotype-phenotype correlation and no gene dosage effect were noted. Treatment with vitamin D and phosphate resulted in only a partial growth improvement in most cases, and was frequently complicated by hypercalciuria, hypercalcemia, nephrocalcinosis, or hyperparathyroidism. Renal glycosuria was detected in six cases and was associated with more severe skeletal disease. We conclude that current HR treatment is not fully safe or effective, and that close monitoring of treatment effectiveness and for complications should be performed during long-term treatment.
HR is defined as a group of rachitic bone diseases associated with chronic hypophosphatemia, which results from defects in the renal tubular reabsorption of filtered phosphate (1) (2) (3) (4) (5) (6) (7) (8) . Clinically, XLH, ADHR, HHRH, and TIO can be categorized as HR (1) (2) (3) (4) (5) (6) (7) (8) .
XLH is the most common form of hereditary HR (2-6) and is caused by loss-of-function mutations in the PHEX gene (phosphate regulating gene with homologies to endopeptidases on the X chromosome). On the other hand, ADHR is far less common than XLH (2) (3) (4) (5) (6) , and is associated with a gain-offunction mutation in the FGF23 gene encoding FGF23. The mutant FGF23 molecule is resistant inactivation by proteolytic cleavage (2, (5) (6) (7) (8) (9) (10) (11) (12) . Moreover, TIO is an acquired form of HR, which is caused by a variety of benign primitive mesenchymal tumors that secrete FGF23 (2, 7, 13) . HHRH is a rare hereditary disease and its underlying pathogenesis remains to be elucidated.
Several studies of the molecular defects in XLH, ADHR, and TIO support a model of a common pathogenetic mechanism in these three diseases (2, 6, 14) . In this model, FGF23 has been suggested to be the main circulating phosphaturic factor (2, 6, 14) , and the circulating level of FGF23 is determined in part by the rate of its proteolytic cleavage by PHEX protease (9, 13, 15) . The common abnormality shared by loss-of-function mutations in the PHEX gene (as in XLH), gain-of-function mutations in the FGF23 gene (as in ADHR), and overproduction of FGF23 by tumors (as in TIO) is an elevation of circulating FGF23 (2, (5) (6) (7) (8) 13, 14) . However, current studies (16, 17) fail to confirm PHEX-dependent cleavage of FGF23 and suggest that the increased circulating level of FGF23 in XLH reflects, at least in part, an increase in its production (17) . These findings support a more complex model of pathogenesis that includes intermediate steps linking PHEX and FGF23. One possibility is that increased FGF23 expression results from the actions of yet to be identified PHEX substrate or from other downstream consequences of loss-of-function mutations in PHEX (17) . The increased circulating level of active FGF23 suppresses Na-phosphate cotransport activities both in kidney and in small intestine, as well as 25(OH)D 3 1␣-hydroxylase mRNA expression in the kidney (13, 18) . The final phenotype is rachitic bone changes associated with chronic hypophosphatemia and an inappropriately low serum level of 1␣,25-dihydroxy vitamin D 3 .
In the present study, a clinical and molecular genetic analysis was performed in children with a clinical diagnosis of HR.
METHODS
Seventeen unrelated Korean children, diagnosed with HR by the Department of Pediatrics, Seoul National University Children's Hospital, were enrolled in this study. One patient who had hypercalciuria before medication was excluded, and no case was diagnosed as TIO. The medical records of these cases were reviewed retrospectively. For phenotypic analysis, the severities of the two principal disease manifestations, i.e. skeletal or dental diseases were determined (3, 19) and initial laboratory data were obtained. Skeletal disease was graded as "mild" or "severe" based on the need for orthopedic surgery. Hypercalciuria was defined as a urine calcium to creatinine ratio Ͼ0. 25 , and hypercalcemia as a serum total calcium level of Ͼ11 mg/dL. The presence of nephrocalcinosis was determined by increased renal medullary echogenicity in renal ultrasonography. Hyperparathyroidism was defined by an increasing serum intact PTH (iPTH) Ͼ150 pg/mL (normal, 10 -65 pg/mL). To evaluate the effect of therapy, SDS of height was calculated in 13 patients who had been treated for at least 2 y.
Mutational analyses of the PHEX and FGF23 genes were carried out in all 17 patients and in available family members. For the PHEX gene, total peripheral blood mRNA were reverse transcribed to cDNA, and three overlapping cDNA fragments covering the entire coding sequences of the PHEX gene were amplified by nested PCR using primers listed in Table 1 and directly sequenced. The three exons of the FGF23 gene were amplified from peripheral blood genomic DNA by PCR and directly sequenced.
To evaluate the significance of the T239M mutation in the FGF23 gene, which was detected in some of the patients, the presence of the T239M genotype was determined in 50 healthy controls. These studies were approval by the Ethics Committee of Seoul National University Hospital, Seoul, Korea, and informed consent for the genetic analysis was obtained from all patients or their parents and healthy controls.
Statistical analysis was conducted using the two-tailed Fisher exact test, the Mann-Whitney U test, the paired t test, and the Wilcoxon rank-sum test. A p value Ͼ 0.05 was considered statistically insignificant.
RESULTS
The male-to-female ratio of the 17 patients was 3:14. Median ages at onset and diagnosis were 20 mo (10 -35 mo) and 35 mo (10 -60 mo), respectively. Five cases (29%) were familial, and the modes of inheritance were dominant (one parent was affected at least, and there was no father-to-son transmission). The presenting manifestations include bowlegs (100%), gait disturbance (18%), and lordosis (6%). Dental problems, such as abscess or caries, were detected initially or developed during follow-up in six cases (35%). Initial laboratory findings before treatment were as follows: mean total calcium and phosphorus serum levels were 9.5 Ϯ 0.7 and 2.5 Ϯ 0.4 mg/dL, respectively, and the mean alkaline phosphatase level was 727 Ϯ 207 IU/L. The serum 25(OH)D 3 and 1,25(OH) 2 D 3 levels were 28 Ϯ 14 ng/mL (normal, 10 -55 ng/mL) and 44 Ϯ 20 pg/mL (normal, 20 -76 pg/mL), respectively. The serum iPTH was 43 Ϯ 21 pg/mL (normal, 16 -65 pg/mL), and osteocalcin was 53 Ϯ 57 ng/mL (normal, 1.8 -6.6 ng/mL). Tubular reabsorption of phosphate and transport maximum of phosphate were 48.9 Ϯ 22.6% (normal, 83-93%) and 1.33 Ϯ 0.56 mg/dL of GFR (normal, 3.7-5.3 mg/dL of GFR), respectively. The random urine calcium to creatinine ratio was 0.04 Ϯ 0.03.
PHEX gene analysis revealed seven different mutations in eight patients (47%), including two missense mutations, two nonsense mutations, and three short deletions ( Table 2 ). The R20X mutation was detected in two unrelated patients. All missense and nonsense mutations detected had already been reported, and three short deletions were novel. Among the eight patients with a PHEX mutation, three cases (38%) were familial and five (63%) were sporadic, both genetically and clinically. Nine patients with no PHEX mutation were female, and two of these had a positive family history (father and two daughters in one family, and mother and a daughter in another family). In three patients with no PHEX mutation and no family history, a heterozygous 239 Thr(ACG)ϾMet(ATG) change in the FGF23 gene was detected. The distribution of genotypes for this T239M in 50 healthy controls was as follow: 239 TT in 34 (68%) and 239 TM in 16 (32%).
The clinical and laboratory findings were compared between patients with and without PHEX mutations. All patients without a PHEX mutation were female. Skeletal disease appeared more severe with higher serum alkaline phosphatase levels in patients with the PHEX mutation, but the statistical signifi- Table 3) . Genotypephenotype correlations were analyzed in eight patients with the PHEX mutation, but no significant correlation was found between the severity of skeletal or dental diseases and mutation types (Table 4 ). In addition, the effect of gender on phenotype and the gene dosage effect were analyzed in eight patients with the PHEX mutation, but no significant relation was found (Table 5 ).
All patients were treated with a combination of oral phosphate supplementation and vitamin D (1,25(OH) 2 D 3 or 1-␣(OH)D 3 ). Orthopedic surgery, such as corrective osteotomy or epiphysiodesis, was administered in three patients (18%), and a brace was applied in 12 (71%). The SDS of height of 13 patients before and after treatment for 2 y revealed an improvement from Ϫ2.23 Ϯ 1.00 to Ϫ1.70 Ϯ 1.09 (p Ͻ 0.05). However, complete catch-up growth was not achieved in most cases (Fig. 1) . During follow-up, several complications associated with medications were detected as follows: hypercalciuria in 14 cases (82%), hypercalcemia in 7 (41%), nephrocalcinosis in 10 (59%), and hyperparathyroidism in 4 (24%). All of these complications, except nephrocalcinosis, were intermittent or transient. In addition, microscopic hematuria and renal glycosuria were found in 4 (24%) and 6 cases (35%), respectively. Microscopic hematuria was detected with concomitant hypercalciuria in all cases. Patients without renal glycosuria had milder skeletal disease than those with renal glycosuria (p ϭ 0.03) ( Table 6 ). Renal function was maintained normally in all cases.
DISCUSSION

XLH, which is caused by loss-of-function mutations in the PHEX gene, is the most common form of hereditary HR (2-6).
In an online PHEX mutation database (http://www.phexdb.mcgill.ca), a total of 176 mutations in PHEX were listed in June 2004. Mutation types are variable and include frame shifts, FHx, family history. For the cDNA sequences, the nucleotides were numbered from A of the start codon (ATG) as ϩ1. All the laboratory data were initial values before treatment. (3, 20) , except for one Finnish report (21) , which found detection rates in familial and sporadic cases of 100% and 93%, respectively. The detection rate found in the present study was lower (47%) than in other reports. However, when familial and sporadic cases were separated, mutations were detected in 60% of the former and 42% of the latter, which concurs with other reports. At this moment, it is difficult to confirm whether the larger proportion of sporadic cases (71%) in the present study compared with other reports means a higher incidence of de novo occurrence in Koreans. In general, about one-third of XLH patients showed no mutation in the coding region of the PHEX gene. And, it remains to be determined whether they harbor mutations in the promoter, 3' untranslated region, or intronic regions of the gene. Christie et al. (22) found pseudoexons of the gene in some patients. In the present study, intronic mutations or abnormal splicings including pseudoexons should have detected if present, because RT-PCR was used. However, because nine patients with no PHEX mutation in the present study were female, another technical problem may have prevented the detection of heterozygous mutations. If a mutation occurred within a very early fragment of the gene, a mature transcript may not have been made. In this instance, examining the DNA encoding individual exons gives a higher chance for finding a mutation, especially in female XLH patients where both PHEX alleles are transcribed. The possibility of another form of HR with an extreme female preponderance associated with an unknown gene should also be considered. We found a heterozygous T239M change in the FGF23 gene in 3 (33%) of 9 patients without PHEX mutations and in 16 (32%) of 50 healthy subjects. The ADHR Consortium (12) had previously reported T239M as a polymorphism with similar allelic frequencies (threonine in 89.7%, methionine in 10.3%).
The phenotype-genotype correlation in XLH patients has been studied in few papers (3, 23) . In one of those studies, the clinical symptoms did not strictly depend upon the type and localization of the PHEX gene mutation (23) . However, hearing defect was correlated with mutations in the beginning fragment, and dental disease and increased head length with the mutations in the beginning and the terminal fragment of the gene. In another study of 50 patients, including 31 with a PHEX mutation (3), no correlation was found between disease severity and the type or location of PHEX mutation. And no difference was found in the severity of skeletal and dental disease between hemizygous males and heterozygous females. Therefore, the identification of PHEX mutations in XLH patients may be of limited prognostic value (3). Although the number of patients in the present study was not large enough to obtain a statistically meaningful value, we obtained the same negative results. As an X-linked disorder, the absence of a gene dosage effect in XLH is unusual. This can be proven by comparing the phenotypes of male and female patients for common mutations such as R20X.
Although renal glycosuria is one of the known manifestations of XLH, its underlying pathophysiologic mechanism has not been fully elucidated. It is suggested that disease-causing circulating phosphaturic factors in XLH patients inhibit the Na-phosphate transporter and Na-glucose transporter in proximal renal tubular cells (24 -26) . Inappropriate glycosuria after a glucose load was observed in all Hyp mice, an animal model, whereas it only occurred in a fraction of XLH patients (24, 25) . This difference may reflect gene penetrance differences. In addition, renal glycosuria after glucose ingestion accompanied by a reduction in renal phosphate reabsorption, and baseline renal phosphate reabsorption was lower in patients who developed glycosuria (24 -26) . These findings suggest that excessive 
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glucose ingestion may reduce the efficacy of oral phosphate therapy in XLH patients, and that patients with renal glycosuria may have a more severe phenotype. In the present study, although baseline renal phosphate reabsorption was not significantly different between patients who developed glycosuria and those who did not, skeletal disease was more severe in the former group of patients. Current treatment for XLH consists of high-dose oral phosphate supplementation in combination with calcitriol, which should be continued at least until growth is complete. However, this form of therapy is far from being safe and effective (2, 27) . Although the correction of rickets and growth improvement can be expected in most patients to some degree on this treatment, complete growth catch-up is not achieved in most cases and long-term treatment is frequently complicated by hyperparathyroidism, hypercalcemia, hypercalciuria, or nephrocalcinosis, as shown in this study (28 -30) . In addition, long-term compliance is difficult in most patients. Thus, novel therapeutic strategies, based on new knowledge of the molecular pathogenesis of HR, are clearly required.
